Introduction
============

Transforming growth factor (TGF-β) represents a large family of growth and differentiation factors that regulate cell differentiation, proliferation, migration, motility, adhesion and apoptosis. TGF-β signalling pathway is activated upon ligand binding to types II and I transmembrane receptor serine/threonine kinase, which subsequently phosphorylates receptor-associated Smad proteins (Smad2 and Smad3). Smad2/3 forms heteromeric complexes with Smad4. The complexes translocate to the nucleus and activate target genes \[[@b1], [@b2]\]. Adaptor proteins, such as embryonic liver fodrin (ELF), Smad anchor for receptor activation (SARA) and filamin play a critical role in modulating the activity of receptor-associated Smad and Smad4 through the control of Smad access to TGF-β receptor \[[@b3], [@b4]\]. β-Spectrins (Spn), major dynamic scaffold molecules, are involved in the maintenance of cell shape, establishment of cell polarity and protein sorting \[[@b5], [@b6]\]. ELF, a β-spectrin, has been demonstrated to play a pivotal role in TGF-β signalling \[[@b7], [@b8]\]. It is involved in TGF-β/Smad signalling pathway as an adaptor \[[@b7], [@b8]\]. ELF does not appear to interact with SARA or filamin \[[@b8]\].

Liver fibrosis or cirrhosis, the ultimate pathological consequence of severe chronic liver damage, represents a major medical problem with significant morbidity and mortality worldwide. Liver cirrhosis is characterized by deposition of extracellular matrix (ECM), the distortion of the liver parenchyma replaced by regenerative nodules, altered blood flow. Upon chronic injury, quiescent hepatic stellate cells (HSCs) in space of Disse transdifferentiate into myofibroblast-like cells, acquiring contractile, proliferative and fibrogenic properties \[[@b9]--[@b11]\]. Of cytokines involved in liver fibrogenesis, TGF-β~1~ is the most potent profibrogenic mediator \[[@b10], [@b12]--[@b15]\]. TGF-β~1~ transforms HSCs into myofibroblasts, which results in up-regulation of many ECM proteins and down-regulation of their degradation by matrix metalloproteinases and tissue inhibitor of metalloproteinases. Blockade of the TGF-β signal by dominant negative type II TGF receptor suppressed the development of dimethylnitrosamine-induced hepatic fibrosis \[[@b16], [@b17]\]. Inhibition of TGF-β~1~ expression mediated by siRNA and ribozyme blocked ECM deposition \[[@b18], [@b19]\]. In view of the importance of TGF-β signal in liver fibrosis, we hypothesize that ELF, an adaptor in TGF-β signalling pathway may play a key role in liver cirrhosis. Therefore, we examined ELF expression in cirrhotic liver and evaluated the role of ELF in liver cirrhosis. In this study, we demonstrate that ELF is required for HSC activation and ECM deposition in activated HSCs cultured *in vitro*; in addition, interestingly, ELF down-regulation in regenerative hepatocytes is involved in the formation of regenerative nodules derived from hepatic progenitor cells (HPC). Thus, this study has identified, for the first time, a molecule participates in liver cirrhosis through the involvement of HSC activation and the formation of regenerative nodule.

Materials and methods
=====================

Mice models of acute liver injury and liver cirrhosis
-----------------------------------------------------

### Liver cirrhosis

C57/Black/6 mice were purchased from Animal Center of Tongji Medical College, Huazhong University of Science and Technology (Wuhan, China). The mice were injected subcutaneously with carbon tetrachloride (CCl~4~) diluted 3:7 (v/v) ratio in olive oil or olive oil (control) at a dose of 5 ml/kg twice a week for 12 weeks. Mice were sacrificed 48 hrs after the last injection.

### Acute

Mice were injected intraperitoneally with 5 ml/kg CCl~4~ diluted 3:7 (v/v) ratio in olive oil or olive oil (control). The mice were sacrificed at 20 hrs after administration. The protocol of animal treatment used in this study was approved by the institutional animal care and use committee.

Real-time RT-PCR
----------------

Total RNA isolated from culture cells and liver tissue was reverse transcribed into cDNA (Takara, DRR037S, Dalian, China), and then real time quantitative PCR was performed using Stratagene MX3000 and SYBR premix EX TAQ (Takara, DRR041S). The following primers were used: ELF (NM_009260.2) forward: 5′-GAG TTG CAG AGG ACA TCC AGC-3′, reverse: 5′-ATT-GAC CCA CTT GGT GAA GGT C-3′; α-SMA (NM_007392) forward: 5′-CGG GAG AAA ATG ACC CAG ATT-3′ reverse: 5′-GGA CAG CAC AGC CTG AAT AGC-3′; procollagen I alpha 1 (NM_007742) forward: 5′-ACG GCT GCA CGA GTC ACA- 3′ reverse: 5′-AAG GGA GCC ACA TCG ATG AT- 3′; CK19 (NM_008471) forward: 5′- CCC TCC AGG GCC TTG AGA T-3′, reverse: 5′-TCT GTG ACA GCT GGA CTC CAT AA-3′; GAPDH (NM_008084) forward: 5′-ACC CAG AAG ACT GTG GAT GG-3′, reverse: 5′-ACA CAT TGG GGG TAG GAA CA-3′; the N-termini specific primers for ELF, isoform 2 Spnb 2 were designed because isoform 2 has shorter and distinct N- and C-termini compared with isoform 1.

Immunoprecipitation and Western blot
------------------------------------

Lysates from cells and tissues were collected using RIPA buffer (Sigma R0278, St Louis, MO, USA), and then immunoprecipitated with 1 μg primary antibody. The specimens were resolved over SDS-polyacrylamide gels, incubated with primary antibody, then with peroxidase-conjugated secondary antibody. Immmunoreactive bands were visualized with ECL detection kit (Thermo 34077, Rockford, IL, USA). The following primary antibodies were used: ELF \[[@b20]\] (1 in 400 dilution), Smad2 (1 in 500 dilution, Proteintech lab 12570-1-AP, Chicago, IL, USA), Smad3 (1 in 400 dilution, Abcam AB28379, Cambridge, MA, USA), Smad4 (1 in 500 dilution, Santa Cruz SC-1909, Santa Cruz, CA, USA), α-SMA (1 in 500 dilution, Abcam AB5694), CDK4 (1 in 500 dilution, Proteintech lab 11026-1-AP), proliferating cell nuclear antigen (PCNA) (1 in 500 dilution, Proteintech lab 10205-1-AP), cyclinD1 (1 in 500 dilution, Proteintech lab 10438-1-AP), pRb (1 in 1000 dilution, Santa Cruz SC-7986) and GAPDH (1: 500 dilution, Proteintech lab 60004-1).

Immunohistochemistry and immunofluoresence
------------------------------------------

Paraffin-embedded sections of liver and cells grown on the cover slips were processed for immunohistochemistry and inmmunofluoresence. Immunohistochemical staining was performed by using elite ABC kit (Vector labs PK-7200, Burlingame, CA, USA). For immunofluorescence, rabbit and goat primary antibodies were visualized with Cy2- or Cy3-conjugated secondary antibodies (Jackson ImmunoResearch, West Grove, PA, USA). Antibody against ELF (1:100 dilution), Smad3 (1:100 dilution), Smad4 (1:100 dilution), α-SMA (1:100 dilution), PCNA (1:100 dilution), CK19 (Proteintech lab 10712-1-AP), Ki67 (1:100 dilution, Abcam AB15580), albumin (1:100 dilution, Proteintech lab 16475-1-AP) were applied according to the manufacturer\'s instruction.

HSC and hepatocyte isolation
----------------------------

### HSC isolation

Mice HSCs were isolated from wild-type C57/Black/6 mice by *in situ* perfusion with pronase E and collagnease type I followed by differential centrifugation on Opti-Prep (Sigma) density gradients, as described previously \[[@b21]\]. Mouse livers were perfused *in situ* sequentially with ethylene *bis*(2-aminoethyl) glycol tetraacetic acid (EGTA) solution and the buffer containing 180 mg/l collagenase type I (Invitrogen, Carlsbad, CA, USA), 400 mg/l pronase E (Roche, Mannheim, Germany) and 0.02% DNase I (Invitrogen). Then the excised liver was digested in the digestion solution (180 mg/l collagenase type I, 400 mg/l pronase E and 0.02% DNase I) at 378C for 20 min with gentle stirring. The homogenate was filtered and centrifuged at 25 × *g* for 5 min to remove the hepatocytes. The supernatant was centrifuged on Opti-prep (Sigma) density gradients as described previously \[[@b21]\]. Cell viability assessed by trypan blue exclusion was always greater than 90%. Purity of freshly isolated HSCs identified by retinoid autofluorescence was always greater than 90%. Primary HSCs were cultured in DMEM/10% foetal bovine serum (FBS) containing penicillin and streptomycin.

### Hepatocyte isolation

Primary hepatocytes were isolated by a two-step perfusion technique. Mice hepatocytes were isolated from the digested liver by centrifugation over Opti-Prep density Gradients \[[@b22], [@b23]\]. Cell viability assessed by trypan blue exclusion was more than 90 %. Primary hepatocytes and AML-12 cells were cultured in DMEM/10% FBS containing penicillin and streptomycin.

Preparation and transfection of siRNAs
--------------------------------------

Chemically synthesized siRNAs directed against ELF were purchased from A&B Applied Biosystems. ELF siRNAs (50 pmol) and scrambled siRNAs (50 pmol) used as negative control were transduced into mice HSCs on six wells by using lipofectamine 2000 (Invitrogen) when HSCs reached 30--50% confluence. After 72 hrs, transfected cells were collected for further study. ELF siRNA s74307 was selected for subsequent experiment because of its greatest efficacy.

BrdU assay
----------

Cells seed on 96-well plates were treated with test reagents, and then BrdU (Millipore 2750, Billerica, MA, USA) was incorporated into proliferating cell for 6 hrs. BrdU assay was performed according to the manufacturer\'s protocol. In brief, after BrdU incorporation, the cells were fixed and incubated with anti-BrdU monoclonal antibody for 1 hr. After washing with PBS, they were incubated with goat antimouse peroxidase-conjugated IgG antibody, substrate and stop solution. The amount of BrdU is determined through reading the plate using a spectrophotometer microplate reader set.

Statistical analyses
--------------------

Results are expressed as mean ± S.E.M. Significance of the difference between means was analysed either by Student\'s t-test or by [anova]{.smallcaps}. *P* \< 0.05 was taken as the minimum level of significance.

Results
=======

ELF expression in cirrhotic liver
---------------------------------

To determine whether ELF was involved in hepatic cirrhosis, we evaluated ELF expression in cirrhotic liver induced by 12-week injection of CCl~4~. Mice model of liver cirrhosis was confirmed by the staining of haematoxylin--eosin, sirius red staining (Fig. S1) and α smooth muscle actin (SMA) (Fig. S2). Real-time RT-PCR ([Fig. 1A](#fig01){ref-type="fig"}) and Western blot analysis ([Fig. 1B](#fig01){ref-type="fig"}) showed ELF expression increased significantly in CCl~4~-treated mice compared with the control. To further investigate ELF distribution in cirrhotic liver, we performed immunohistochemical staining. Immunohistochemical results showed that ELF was found mainly at the plasma membrane, and absent in the cytoplasm in liver of control mice; ELF expression and distribution changed in cirrhotic liver. Surprisingly, ELF expression increased mainly in the areas of bridging fibrosis, decreased in the regeneration of hepatocyte nodule ([Fig. 1C](#fig01){ref-type="fig"}). Quantitative RT-PCR ([Fig. 1D](#fig01){ref-type="fig"}) confirmed the reduction of ELF expression in regenerative hepatocytes isolated from cirrhotic liver compared with the control. To determine whether activated HSCs express ELF mainly *in vivo*, liver sections from CCl~4~-injured mice were stained with the antibodies against ELF and α-SMA. The double immunofluorescence identified overexpression of ELF in activated HSCs ([Fig. 1E](#fig01){ref-type="fig"}). ELF becomes highly overexpressed predominantly cytoplasmic and nuclearly in activated HSCs ([Fig. 1C](#fig01){ref-type="fig"}). In contrast with ELF expression in normal liver through immunohistochemical staining, immuno-fluorescence results showed no ELF detection in liver of normal mice (control) because the kit for immunohistochemical staining used was more sensitive.

![ELF expression in cirrhotic liver (A) Real-time RT-PCR quantification of ELF mRNA transcript in whole liver homogenates from control and chronic CCl~4~ treated mice. *P* \< 0.01: for chronic CCl~4~-treated mice *versus* control mice (B) Hepatic level of ELF protein was determined by Western blot analysis. (C) ELF expression in cirrhotic liver was determined by immunohistochemical analysis Magnification, 200×. (D) ELF expression in hepatocytes isolated from control or chronic CCl4-treated mice was evaluated by real-time RT-PCR. *P* \< 0.01: for chronic CCl4-treated mice *versus* control mice. (E) Colocalization of ELF and α-SMA in activated HSCs *in vivo*. Liver section was stained with ELF antibody (green); SMA antibody (red) and DAPI (blue). Magnification 200×.](jcmm0016-0118-f1){#fig01}

The effect of siRNA against ELF on characteristic of activated HSCs cultured *in vitro*
---------------------------------------------------------------------------------------

Activated HSCs isolated using standard gradient methods more closely resembled activated stellate cells from fibrotic liver, they has been used extensively to model and examine the changes that take place during the phenotype switch of quiescent HSCs to myofibroblasts \[[@b11]\]. First, we found that ELF expression increased significantly in activated HSCs *in vitro* compared with quiescent HSCs (Fig. S3). Then, we delivered synthetic siRNA against ELF into activated HSCs isolated from mice. ELF mRNA and protein were reduced remarkably in activated HSCs transfected with ELF siRNA compared with control siRNA as assessed by quantitative PCR ([Fig. 2A](#fig02){ref-type="fig"}) and Western blot ([Fig. 2B](#fig02){ref-type="fig"}). Activated HSCs exhibit characteristic of highly proliferative activity, development of prominent bundles of α-SMA filaments and secretion of large amounts of ECM components. Inhibition of ELF expression resulted in a significant reduction in α-SMA expression in activated HSCs *in vitro* as assessed by real-time RT-PCR ([Fig. 2C](#fig02){ref-type="fig"}) and Western blot analysis ([Fig. 2D](#fig02){ref-type="fig"}). It indicated that ELF was required for HSC activation because α-SMA is a widely accepted marker of activated HSCs. Further study showed a marked inhibition of mRNA transcripts for procollagen (I) in activated HSC transfected with ELF siRNA ([Fig. 2E](#fig02){ref-type="fig"}), which revealed that ELF was essential to ECM deposition because collagen I is the principal component of fibrotic scar. To elucidate whether ELF is necessary for HSCs proliferation, proliferative activity of HSCs was evaluated through BrdU incorporation. BrdU assay demonstrated that there was no difference in proliferative activity between activated HSCs treated with ELF-siRNA and siRNA control ([Fig. 2F](#fig02){ref-type="fig"}). It indicated that ELF was not necessary for HSC proliferation.

![ELF siRNA-mediated inhibition of HSC ctivation *in vitro*. (A) ELF mRNA was reduced in activated HSCs transfected synthetic siRNA against ELF as assessed by real-time RT-PCR. *P* % 0.01 for ELF siRNA *versus* siRNA control. (B) Western blot analysis confirmed that synthetic siRNA inhibited ELF expression in activated HSCs. (C) Real-time RT-PCR was used to analyse α-SMA expression in activated HSCs trans-fected with ELF siRNA. *P* % 0.01 for ELF siRNA *versus* siRNA control. (D) α-SMA expression in protein level was suppressed in activated HSCs transfected with ELF siRNA. (E) mRNA transcript of α 1 procolla-gen I, principal component of ECM was inhibited in ELF siRNA-transfected HSCs as assessed by quantitative real-time PCR. *P* % 0.01 for ELF siRNA *versus* siRNA control. (F) HSC proliferation was evaluated by BrdU incorporation.](jcmm0016-0118-f2){#fig02}

ELF expression in acute liver injury
------------------------------------

Mice model of acute liver injury (ALI) was confirmed by alanine aminotransferase, aspartate transaminase (Table S1) and HE (Fig. S5) staining. Quantitative PCR ([Fig. 3A](#fig03){ref-type="fig"}) and Western blot ([Fig. 3B](#fig03){ref-type="fig"}) demonstrated that similar level of ELF expression was observed in ALI and control mice. Then ELF expression in hepatocytes isolated from control and ALI mice was determined through real-time RT-PCR and Western blot. The results ([Fig. 3C and D](#fig03){ref-type="fig"}) showed there was no difference in ELF expression between normal mice and ALI mice. It indicated that chemical-induced liver damage shown as hepatocellular necrosis and inflammatory infiltration had no effect on ELF expression in hepatocytes.

![Hepatic expression of ELF in acute liver injury (ALI). (A) Real-time RT-PCR analysis evaluated hepatic ELF expression in normal or ALI mice. No significant difference in ELF mRNA between normal and ALI mice was observed. (B) Western blot analysis examined ELF expression in normal or ALI mice. No significant difference in ELF protein between normal and ALI mice was observed. (C) Real-time RT-PCR determined ELF expression in hepatocytes isolated from normal or ALI mice. (D) Western blot analysis evaluated ELF expression in isolated hepatocytes in control or ALI mice.](jcmm0016-0118-f3){#fig03}

The relation between HPC expansion and the reduction of ELF expression in regenerative hepatocytes
--------------------------------------------------------------------------------------------------

As described earlier, we demonstrated that hepatic inflammatory reaction and chemical damage did not take any effect on the reduction of ELF expression in CCl~4~-treated mice. It indicated that ELF was involved in regeneration of hepatocytes nodule in cirrhotic liver. Immunostaining of CK19, a HPC marker revealed that a dramatic expansion of CK19-positive cell in cirrhotic mice compared with normal and ALI mice ([Fig. 4A](#fig04){ref-type="fig"}), which indicated that HPC contributed to regeneration of hepatocytes nodules in cirrhotic liver. To determine the ability of mature hepatocytes to proliferate in cirrhotic liver, we performed Ki67 staining of liver sections from mice receiving CCl~4~ treatment. We saw a rapid burst in Ki67-positive hepatocytes in mice receiving CCl~4~ treatment at day 7, which revealed the proliferation of mature hepatocytes. Later, it decreased significantly as a result of the loss of mature hepatocytes proliferation upon repeated liver injury, and then increased remarkably from day 56, which revealed HPC proliferation ([Fig. 4B](#fig04){ref-type="fig"}). All these demonstrated that regenerative nodules of hepatocytes were derived from HPC expansion. To confirm the relation between HPC expansion and the reduction of ELF expression in regenerative hepatocytes, we performed the timeline-based study on hepatic expression of CK19 and ELF in CCl~4~-treated mice. After day 7, HPC activation assessed by CK19 staining was observed in damaged liver, either isolated or forming small clusters consisting of two to three cells; from day 14, CK19-positive cells were more numerous, forming clusters that contained an increasing number of cells ([Fig. 4C and E](#fig04){ref-type="fig"}). Although ELF expression in isolated hepatocytes from CCl~4~-treated mice decreased remarkably at day 28 ([Fig. 4D and F](#fig04){ref-type="fig"}). Thereafter, the reduction of ELF in regenerative hepatocytes over time was consistent with HPC expansion. All these indicated that activation of HPC occurred as an initial phase, before the reduction of ELF expression in regenerative hepatocytes, which was derived from HPC differentiation.

![The relation between HPC expansion and the reduction of ELF expression in regenerative hepatocytes. (A) Immunohistochemistry was used to analyse expression of CK19, a marker of HPC in control liver, acute injured and cirrhotic liver. CK19 increased significantly in cirrhotic liver, which revealed that HPCs were activated upon repeated hepatic damage. We also found weak CK19-postive cells scattered in acute injured liver. Magnification 100×. (B) Ki67 staining of liver sections from mice receiving CCl~4~ treatment for 0, 7, 14, 28, 56 and 84 days. Ki67-positive hepatocytes were observed in mice receiving treatment at day 7 and 14, which revealed the proliferation of mature hepatocytes. Fewer Ki67-positive hepatocytes were present at day 28 because of damaged proliferative capacity of hepatocytes upon repeated liver injury. Ki67-positive cells increased remarkably from day 56. They distributed along the fibrous septa, which revealed the proliferation of HPC. Magnification 200×. (C) Quantitative RT-PCR analysis evaluated hepatic CK19 expression in mice receiving CCl~4~ treatment for 0, 7, 14, 28, 56 and 84 days. Compared with controls, CK19 mRNA increased 2.6 times after 7 days of CCl~4~ treatment and then gradually rose to reach more than six times higher than in controls. (D) ELF expression in hepatocytes isolated from CCl~4~-induced liver injured model of mice was determined *via* quantitative RT-PCR at different time. ELF expression reduced conspicuously from day 28, and to 23% of control level at day 84. (E) HPC activation was evaluated in mice receiving CCl~4~ treatment *via* CK19 staining. In livers section obtained from mice receiving CCl~4~ treatment, CK19-positive cells increased in number from day 7, formed cluster in the periportal areas and areas of bridging fibrosis with the development of liver fibrosis. CK19-positive cells were restricted to bile ducts in the liver of control mice. Magnification 200×. (F) Liver section from mice receiving CCl~4~ treatment was stained with ELF antibody. The reduction of ELF expression in mice liver was found remarkably from day 28. Magnification 200×. Note: Data identified by a different letter (a, b, c, d) were significantly different.](jcmm0016-0118-f4){#fig04}

Increased proliferative activity in regenerative hepatocytes of cirrhotic liver
-------------------------------------------------------------------------------

As shown in [Figure 5A and B](#fig05){ref-type="fig"}, increased PCNA expression was observed in all hepatic zone containing periportal region and regenerative hepatocyte. It indicated that regenerative hepatocytes possessed increased proliferative activity compared with the control. Then we examined the expression of CDK4, cyclin D1 and pRb. Western blot results showed the expression of CDK4, cyclin D1 and pRb increased in isolated regenerative hepatocytes with the reduction of ELF, assuming in alternation of G1/S checkpoint regulation ([Fig. 5B](#fig05){ref-type="fig"}). These results suggested that the loss of ELF in regenerative hepatocytes led to cell-cycle deregulation by alternation of G1/S checkpoint.

![The proliferation of regenerative hepatocytes in cirrhotic liver. (A) Liver sections obtained from control and cirrhotic mice were stained with antibody directed against PCNA. Immunohistochemical analysis revealed that PCNA-positive cells distributed in area of cirrhotic nodules and periportal region. Compared with the control, week staining of PCNA-positive cells was observed in the nucleus of regenerative hepatocytes. In cirrhotic liver, quiescent HSCs undergo activation to highly proliferative myofibroblasts. Activated HSCs assessed by staining of α-SMA, a marker of myofibroblast activation distributed mainly in periportal region, which suggested PCNA-positive activated HSCs in periportal region. Magnification 400×. (~B~) Hepatocytes isolated from mice model of liver cirrhosis induced by CCl~4~ were harvested, and then we analysed the patterns of cell cycle regulatory protein in isolated hepatocytes by western blot. The induction of pRB, CDK4, cyclin D1, PCNA in regenerative hepatocytes was observed. GAPDH was used as loading control. (~C~) The effect of ELF siRNA on proliferative capacity of AML-12 was evaluated through BrdU assay. Proliferative capacity of AML-12 increased after efficient siRNA transfection. It indicated that ELF inhibits proliferation of hepatocytes.](jcmm0016-0118-f5){#fig05}

We transduced ELF siRNA into AML-12 cell, a murine immortalized hepatocytes \[[@b24]\], and assessed AML-12 proliferation through BrdU incorporation. AML-12 showed increased proliferative response after efficient siRNA treatment ([Fig. 5C](#fig05){ref-type="fig"}). It suggested that ELF regulated hepatocyte growth through inhibiting hepatocyte proliferation. It was consistent with previous studies that demonstrated TGF-β-induced growth inhibition and apoptosis in hepatocytes \[[@b23], [@b25], [@b26]\].

ELF involved in TGF-β/Smad signal in HSCs and AML-12 cells
----------------------------------------------------------

Previous studies demonstrated the involvement of ELF in TGF-β signal pathway \[[@b7], [@b8], [@b27]\], so the experiments were carried out to determine how ELF participated in TGF-β/Smad signal. First, lysates from cirrhotic liver were subjected to immunoprecipitation and then immunoblot with Smad and ELF antibodies. As shown in [Figure 6A](#fig06){ref-type="fig"}, the results clearly revealed that ELF interacted with Smad3 and Smad4. No interaction between ELF and Smad2 was found. In addition, we investigated ELF--Smad3--Smad4 interactions in activated HSCs cultured *in vitro*. As expected, confocal results showed that ELF, Smad3 and Smad4 colocalized mainly in the nucleus in ultrapurified culture-activated HSCs in which TGF-β/Smad signalling pathway was activated. After efficient ELF knockdown by siRNA, ELF expression decreased significantly in nucleus and diffused in the cytoplasm slightly. Simultaneously, confocal results revealed that Smad3 and Smad4 diffused in cytoplasm and nucleus after synthetic siRNA against ELF transduction into activated HSCs cultured *in vitro*. The intensity of Smad3 and Smad4 in nucleus became weaker remarkably ([Fig. 6B and C](#fig06){ref-type="fig"}). We also identified the ELF expression in AML-12 cell through immunofluorescence. ELF was localized in cytoplasm, and translocated into the nucleus after TGF-β~1~ stimulation ([Fig. 6D](#fig06){ref-type="fig"}).

![The role of ELF involved in TGF-β/Smad signal pathway in activated HSCs and hepatocytes *in vitro*. (A) Lysates from cirrhotic liver was subjected to immunoprecipitation with preimmune sera, antibody to ELF or Smad; and followed by immunoblotted (IB) with ELF or Smad protein. Coprecipitation of Smad3-ELF, Smad4-ELF was demonstrated. (B) Subcellular colocalization of ELF and Smad3 in activated HSCscultured *in vitro*. ELF and Smad3 were present predominantly in the nucleus, independent of TGF-β~1~ stimulation. It indicated that TGF-β/Smad signal pathway was activated in activated HSCs *in vitro*. Confocal microscope showed that colocalization of ELF and Smad3 in the nucleus of activated HSCs. Smad3 was reduced in nucleus and diffused in cytoplasm after siRNA knockdown of ELF. It indicated that Smad3 mislocalization because of the loss of ELF. Scale bars, 50 μm. (C) Subcellular colo-calization of ELF and Smad4 in activated HSCs cultured *in vitro*. Confocal results showed the same pattern of Smad4 expression as Smad3 in activated HSCs and siRNA-treated HSCs. Scale bars, 50 μm. (D) Immunofluorescence for ELF in AML12 cells in the absence (control) or presence of 5 ng/ml TGF-β~1~ for 6 hrs was examined. The result showed ELF nuclear translocation in AML-12 cell after TGF-β treatment. Scale bars, 50 μm.](jcmm0016-0118-f6){#fig06}

Discussion
==========

Given the findings that TGF-β~1~ plays a crucial role in liver fibrosis, we investigated the expression of ELF, an adaptor of TGF-β/Smad signalling in cirrhotic liver. In mice model of liver cirrhosis, up-regulation of ELF expression in activated HSCs and down-regulation of ELF expression in regenerative hepatocytes of cirrhotic nodules were observed. Then we explored the mechanistic role of ELF in pathogenesis of liver cirrhosis; however, it is unsuitable to evaluate ELF function in pathogenesis of liver cirrhosis *in vivo* using non-selective knockout or transgenic mice because of the discrepancy in ELF expression between activated HSCs and regenerative hepatocytes in cirrhotic liver.

First, we investigated the role of ELF in HSC activation. We have demonstrated that ELF contributed to HSCs activation and the production of procollagen I through the effect of ELF siRNA on characteristic of activated HSCs cultured *in vitro*. Genetic studies in TGF-β~1~ transgenic, knockout and inducible transgenic mice showed that TGF-β~1~ was responsible for up-regulation of ECM proteins and acceleration of HSC activation \[[@b12]--[@b15]\]. BrdU assay showed that the reduction of ELF expression did not inhibit proliferation of activated HSCs cultured *in vitro*, which indicated that ELF was not essential to HSCs proliferation. Of cytokines involved in fibrogenesis, platelet-derived growth factor is the most potent proliferative stimulus towards stellate cells. It revealed that HSC proliferation may not dependent on TGF-β/Smad signal. Alternatively, ELF may exerts its effect through TGF-β/Smad-independent pathways. This finding suggested that ELF played a critical role in liver fibrosis, thereby revealing a reduction in ELF expression in activated HSCs may lead to the development of potential antifibrotic therapies. Effective targeted delivery of drugs into activated HSCs *in vivo* enhanced their efficacy and diminished potential side effects. Available strategies for HSC-specific targeting included specific receptors which contained mannose-6-phosphate for uptake *via* the insulin-like growth factor II receptor \[[@b28], [@b29]\], peptides that recognize the collagen type VI \[[@b30]\] or platelet-derived growth factor receptors \[[@b31]\] and vitamin A-modified liposomes that were taken up by HSCs *via* the RBP receptor \[[@b32]\]. Specific promoter such as SMA promoter also delivered target gene into activated HSCs \[[@b33]\]. Confocal results showed the mislocalization of Smad3 and 4 in activated HSCs tranfected with ELF siRNA. Therefore, it is conceivable that ELF interacts with Smad3/4 in the cytoplasm, and assists in transporting the complexes into the nucleus.

Interestingly, we found the reduction of ELF expression in regenerative hepatocytes of cirrhotic nodule. Mice model of ALI demonstrated that hepatocellular necrosis and inflammatory infiltration did not have any effect on ELF expression in hepatocytes. Growing evidence \[[@b34]--[@b38]\] and our results confirmed that HPC in the periportal canals of Hering was the main resource of regenerative hepatocytes because proliferative capacity of mature hepatocytes was damaged in cirrhotic liver upon repeated chronic injury. Further study indicated that HPC activation occurred before the reduction of ELF expression in regenerative hepatocytes. So it indicated that reduction of ELF expression was involved in the formation of regenerative nodule derived from HPC in pathogenesis of liver cirrhosis. TGF-β family proteins are thought to play a role in the maintenance and differentiation of somatic stem cells, particularly of the gastrointestinal tract \[[@b39]--[@b41]\]. Ample evidence revealed that disruption of TGF-β signalling contributed to impaired differentiation of stem cell and allowed for the development of cancers \[[@b3], [@b4], [@b42]\]. Recent studies convinced that disruption in TGF-β signalling mediated by loss of ELF contributed to the progression towards carcinogenesis \[[@b27], [@b43], [@b44]\]. Genetic studies in mice found that 40--70% of elf^+/−^ mice spontaneously develop hepatocellular cancer \[[@b27], [@b45]\], Tang *et al.* demonstrated that deregulation of TGF-β signalling mediated by loss of ELF contributed to the transformation of a normal hepatic stem cell to a cancer stem cell, which provided the link between the differentiation of stem cells and carcinogenesis \[[@b45]\]. These indicated that ELF appeared to be a key mediator in HPC differentiation. The reduction of ELF expression in regenerative hepatocytes may be associated with differentiation of HPC into regeneration nodule of hepatocytes. Deregulation of the cell cycle has been recognized as an important factor in tumourigenesis. In cancer cells, aberrant expression of cyclins and CDKs resulted in deregulated cellular growth, which was involved in oncogenic transformation. Cell cycle deregulation and loss of stem cell phenotype were observed in TGF-β adaptor elf^−/−^ mouse brain \[[@b43]\]. Hepatocytes in cirrhotic liver showed weak staining of PCNA, which indicated that regenerative hepatocytes possessed increased proliferative capacity compared with the normal control. Then we examined expression pattern of critical regulators of the G1/S transition in normal hepatocytes and regenerative hepatocytes of cirrhotic nodule. Our study showed elevate level of CDK4, cyclinD1 and phosphorylation of Rb was detected in regenerative hepatocytes isolated from cirrhotic liver, which suggested the deregulation of cell cycle in regenerative hepatocytes with reduction of ELF expression. Hepatocytes in elf^+/−^ mice showed abnormal growth of the cells resulting in dysplasia having large irregular nuclei with clear cytoplasmic enlargement \[[@b7]\]. Liver cirrhosis initiated by chronic hepatitis, extensive alcohol intake or toxins may progress to adenoma and dysplastic nodule formation, develop HCC eventually. Tang *et al.* \[[@b45]\] and we (Fig. S6) found that ELF decreased significantly in HCC compared with normal liver tissue and regenerative nodule of hepatocytes in cirrhotic liver. So it indicated the reduction of ELF expression provided a link between cirrhosis and hepatocellular cancer as a directed consequence of dysregulated differentiation of HPC. The abnormalities of TGF-β signalling mediated by loss of ELF results in deregulated differentiation of HPC, which is considered a crucial step in the development of tumour formation. HPC activation following repeated injury may be more prone to dysplasia, and subsequent malignant transformation when the loss of TGF-β signalling occurs. However, the precise mechanisms by which ELF regulates the differentiation of HPC should be investigated in future.
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Collagen deposition in cirrhotic liver was evaluated by sirius red staining.

**Fig. S2** Expression of SMA was determined by immunohisto-chemical analysis.

**Fig. S3** ELF expression in quiescent and activated HSCs.

**Fig. S4** Primary hepatocytes were isolated from mice, and then immunostained with albumin, a marker of hepatocytes.

**Fig. S5** Liver sections from acute liver injury and normalmouse were examined by haematoxylin--eosin (HE) staining.

**Fig. S6** Down-regulation of ELF expression in HCC.

**Table S1** ALT and AST values in normal and ALI (acute liver injury) mice
